Elbows are a vulnerable part of piping systems in erosive environments. Traditionally, plugged tees are used instead of elbows when the erosion rate is high. However, the advantage of plugged tees over elbows in large-scale pipelines is unclear.
INTRODUCTION
Sand production is a common occurrence in offshore oil and gas production systems. Damage from erosion due to particulate gas/sand flow in piping systems causes significant financial and environmental problems in the petroleum and several other industries. To avoid environmental issues and unscheduled shutdowns of production, it is of the utmost importance to predict such damage. Although sand is always produced during oil and gas production, the amount produced is not significant in the early stage of production. However, in late stages during which the pressure of the reservoir falls below 6.9 MPa, a significant increase in sand production is inevitable, which in turn introduces an important challenge to damage prediction and mitigation. Of note, due to the low pressure of reservoirs in the late stage, it is not usually desirable to install sand exclusion systems because they can potentially decrease the production rate (Salama 2000a (Salama , 2000b (Salama , 2000c Parsi et al. 2014 ).
Computational fluid dynamics (CFD) is the most comprehensive approach for predicting the vulnerable spots in piping systems and estimating the associated damage from erosion. CFD models can also be used to minimise such damages by optimising the geometry and flow conditions (Parsi et al. 2014; Barton 2003; Lee et al. 2014 ) of the system. The elbows in a flow transmission system are exposed to sand erosion damage. A common belief in the industry holds that plugged tees are more robust than standard elbows with respect to erosion damage in gas/sand flows. Hence, plugged tees are usually used instead of standard elbows when significant erosion is expected (Chen et al. 2006 ).
Because of the broad application of elbows in the industry, many researchers have studied their performance in gas/sand and liquid/sand flows. Several experimental, analytical and numerical studies on erosion in elbows have been published (Abdolkarimi and Mohammadikhah 2013; Safaei et al. 2014 , Pereira et al. 2014 , and a comprehensive review can be found in Parsi et al. (2014) . However, only a few researchers have studied the behaviour of plugged tees in an erosive environment (Chen et al. 2004; Bourgoyne 1989; Parslow et al. 1997 ). Bourgoyne (1989) experimentally compared the erosion in elbows and plugged tees under high sand loading conditions and observed that plugged tees were considerably less subject to erosion damage than elbows. Edwards et al. (2001) used an Eulerian-Lagrangian approach to model erosion in a small-diameter elbow and plugged tee and observed that, under identical conditions, the erosion rate in the plugged tee was much lower than that in the standard elbow. Brown (2002) used a EulerianEulerian model to investigate the erosion in a tee junction. However, due to the inherent disability of such models in tracking particles and providing data on impingement, he could not model the erosion rate. Chen et al. (2006) performed experimental and numerical studies to compare the performance of aluminium plugged tees and elbows in an erosive environment, and found that the erosion rate in plugged tees was less than that in elbows. Their numerical results indicated that as the internal diameter of fittings increases, the erosion rate in tees may become important. However, their study was limited to pipelines with internal diameters less than 0.2 m. Moreover, due to the different behaviour of aluminium and carbon steel in an erosive environment, the results cannot be applied to commonly used steel pipelines. Pontaza et al. (2013) numerically studied the erosion in the large-scale elbows and plugged tees used in subsea jumpers and found that using an elbow in large-scale pipes resulted in better performance than that of plugged tees. However, data on the size of the particles and pipes were not reported in their work. Azimian and Bart (2014) reported that in contrast to gas/solid flow, the resistance of a plugged tee in liquid/solid flow is less than that of an elbow with respect to erosion.
The numerical studies of the relative erosion occurring in plugged tees and elbows in small-and large-scale pipes have provided contradictory results. Although the proper selection of fittings is an important issue, in terms of the state of the art, there is no comprehensive study of relative erosion between plugged tees and elbows that spans the common operating conditions ranging from small to large pipe diameters or with different sand particle sizes and flow rates. This study aimed to fill this gap. To this end, a CFD-based erosion model was developed for comparative study of the erosion rate in standard elbows and plugged tees.
A numerical method was first used for an elbow and plugged tee with available experimental data to verify the accuracy of the numerical solution. Then, numerical modelling was used for comparative study of the erosion rates in plugged tees and elbows over a wide variety of geometrical conditions, ranging from 0.0254-0.6 m diameter carbon steel (AISI 4130) pipes transmitting multiphase gas/sand flows. Furthermore, the effects of sand particle size and internal flow velocity on the erosion ratio between plugged tees and elbows was investigated. Finally, numerical simulations were performed for two subsea jumpers outfitted with elbows and plugged tees to evaluate their performance in an erosive environment.
NUMERICAL MODEL
The erosion predictions were calculated by CFD using Eulerian-Lagrangian approach. Modelling erosion with this approach is a three-step process. The first step is to model the turbulent flow field using Eulerian model. In the second step, particle tracking is performed using a Lagrangian approach. The particle trajectories are calculated based on the calculated flow-field in the first step and the exchange forces. In the third step, the data provided from the second step are used to calculate the erosion rate at the fitting wall.
Eulerian Approach
The conservation equations for mass and momentum are written as follows:
where δ ij is unit tensor, and mean strain rate S is defined as follows:
To close the system of equations we need to model the terms
. These terms are called Reynolds stresses. The Boussinesq hypothesis is the most popular method used to model the Reynolds stresses by introducing an eddy viscosity:
Several turbulence models can be used to calculate the turbulent viscosity μt. Two-equation turbulence models are the simplest complete models for investigating turbulent flow because the turbulence velocity and length scale can be independently determined by solving two separate transport equations. In this study, the standard k-ε model was used to consider the turbulent effects.
In the standard k-ε model, the turbulence kinetic energy and the dissipation rate are obtained from the following transport equations:
where Gk and Gb represent the generation of turbulence kinetic energy due to the mean velocity gradients and buoyancy, respectively. Ym represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. The turbulent viscosity is computed using the following equation in which C μ is a constant.
The following default constants were used in this study:
Fluent 15 was used to solve the governing equations with the finite volume method.
Lagrangian Approach
In the second step, the particle phase is modelled using a Lagrangian approach in which the trajectory of each particle is calculated by integrating the force balance on the particle. The governing equation of the motion of particles is written as (8) where p and f denote the particle and fluid, respectively. The first term on the right-hand side of the equation represents the drag force, and the other terms represent the buoyancy force, pressure gradient force and virtual mass force, respectively.
The drag force is computed by 
where p, p denote the density and diameter of a particle, and μ is the viscosity of the fluid. Re is the relative Reynolds number, which is defined as
The drag coefficient for a spherical particle is determined by
where 1 , 2 and 3 are constants derived from the Morsi-Alexander drag law (Morsi and Alexander 1971) .
The buoyancy force is quantified by
The pressure gradient is also determined according to
Because of the low density of the continuous phase (gas) compared to that of the dispersed phase (sand particles), the effect of virtual mass force was neglected in this study.
In spite of the low sand loading (low volume fraction of sand) in this study, the volume fraction of sand in specific regions of the flow domain may become high such that the effect of the particles on the flow field becomes important. To consider such effects, a two-way coupling was adopted to model the interactions between the particles and the continuous turbulent flow-field. The stochastic tracking (random walk) model, which considers the effects of instantaneous turbulent velocity fluctuations on the particle trajectories, was used in particle tracking.
Erosion Model
From the above procedures, impingement data such as the speed and the angle of impact of the sand particles are provided as the particles hit the fitting wall. Using this information, the erosion rate can be calculated.
The erosion rate was modelled using the E/CRC erosion model, as follows (Ahlert 1994; McLaury 1996; Njobuenwu and Fairweather 2012; Zhang et al. 2007) :
where ER is the erosion ratio, which is defined as the ratio of the material removal at the wall to the particle mass flow rate.
Vp is the velocity of the particles, and A is a constant that depends on the material used in the pipe. Fs is the particle shape coefficient, which is considered equal to 0.2 for fully rounded particles. f(θ) is the impact angle function for a gas/solid flow defined as follows:
where θ is the impact angle of the particles and the constants for i = 1-6 and θ 0 are listed in Table 1 (Wang and Shirazi 2003 , Chen et al. 2004 , Oka et al. 1997 . Figure 1 shows the angle function for the carbon steel used in this study.
As the particles hit the fitting wall, their reflected velocity becomes less than the incoming velocity. Previous studies revealed that the angle of impact has a significant effect on the coefficients of restitution (Grant and Tabakoff 1975; Sommerfeld and Huber 1999) The respective perpendicular and parallel coefficients of restitution for sand impacting AISI 4130 carbon steel are incorporated into the model according to Forder et al. (1998) where θ is the impact angle of the particles. The impact angle function f(θ) and the restitution coefficient e were introduced to the model as a piecewise linear function.
GEOMETRY AND BOUNDARY CONDITIONS
Numerical simulations were first carried out for a plugged tee and elbow with internal diameters of 0.0254 m. To validate the numerical results, the solution was performed for aluminium-made fittings with available experimental data regarding the erosion ratio between the plugged tee and elbow.
The carrier fluid used in this study was air, and the mass flow rate of the sand particles was specified to be equal to 0.208 gr/s at the inlet for 0.0254 m diameter geometries. The velocity inlet boundary condition was applied at the inlet. The velocity of air at the inlet was 45.72 m/s, which is compatible with that in the experiment of Chen et al. (2006) . The pressure outlet boundary condition with the gauge pressure of zero was imposed at the outlet, and the no-slip boundary condition was applied for wall boundaries. The diameter of the sand particles in the experiment was 250 μm. In the validation step, the erosion model was modified according to the behaviour of aluminium in an erosive environment. Hence, an appropriate angle function, restitution angle function, etc., were adopted for aluminium. However, after validation, all of the simulations were performed for steel pipe material.
All of the grids were generated using GAMBIT 2.3. 16 (2006) . Numerical simulations were carried out for different elbows and plugged tees with internal diameters of 0.0254, 0.1, 0.2, 0.4 and 0.6 m. All of the elbows were considered as a standard elbow (r/D = 1.5), and the ratio of plugged lengths to the diameter of the tee (L/D) was 1.5 in this study (see Figure 2 ).
Stochastic tracking was enabled, and the number of released particles at the inlet was adjusted accordingly. The mass flow rate of the particles at the inlet was changed according to the pipe diameter and flow velocity so that the particle concentration was constant for all simulations. The numerical simulations were carried out for four different particle diameters so that the common range of particle sizes found in the petroleum industry (50-500 μm) were covered. Furthermore, the effect of flow velocity on the erosion ratio was investigated by performing the simulations for three different velocities (15, 30 and 45 m/s).
RESULTS AND DISCUSSION

Validation of the Numerical Model
Numerical simulation was first performed for a 0.0254 m diameter plugged tee and elbow with available experimental data. The experiments were carried out for an aluminium elbow and tee. The inlet velocity was 45.72 m/s, and the mass flow rate of the sand was 2.08 × 10 −4 kg/s (Chen et al. 2006 ).
Experimental studies show that aluminium and steel behave differently in an erosive environment. Hence, appropriate impact angle function, restitution function and other coefficients were implemented in the erosion model according to the properties of aluminium (Oka et al. 1997) . Figure 3 shows the relative erosion rates in the aluminium elbow and tee. The sand particle diameter was 250 μm. To more clearly show the relative erosion between the elbow and tee, the erosion rates were normalised by the maximum erosion rate in the elbow. As seen in this figure, the predicted erosion rate in the plugged tee is less than that in the elbow. The area most vulnerable to erosion is the end region of the plugged tee, where the maximum erosion is around half of the predicted value for the elbow. In addition, the predicted erosion rate at the corner of the plugged tee is around ten times less than the maximum erosion rate in the elbow. In practice, the end region of the tee can be made thicker to increase its resistance in an erosive environment.
According to the available experimental data, the relative erosion rate at the end region and the corner of the tee are 0.496 and 0.118, respectively (Chen et al. 2006) . Figure 4 shows the relative erosion at the end of the plugged tee for different particle sizes as predicted by the CFD model and the experiment. As seen, the predicted relative erosion rates using the CFD model agree very well with those obtained in the experiment.
Due to the empirical nature of erosion models, quantification of erosion rate usually involves high uncertainties. Hence, in spite of the capability of these models in predicting the erosion pattern and hot spots the predicted erosion rates are not often close to the experimental values. For such conditions, despite the weakness of the models in quantifying the erosion rates, they can be used as a reliable tool for a comparative study of erosion rates in different geometries made by the same material. In fact the ratio of the erosion rates for two fittings made from the same material depends mainly on the flow-field and particle trajectories and the uncertainties in empirical constants such as particle shape and material properties will not affect the relative erosion rate between elbow and plugged tee (see Eq:14). A manifest of this point is observed in Figure. 4.
The same numerical approach was applied for the obtained results of this study. Hence, the level of the accuracy of the results should be similar to those depicted in Figure. 4. Apart from this, using a relative erosion rather than erosion rate would be a better aid for comparative study of the performance of these fittings in an erosive environments.
Numerical Results of Steel Fittings
Numerical modelling was carried out for the steel plugged tees and elbows with different diameters ranging from 0.0254-0.6 m. To investigate the effect of sand particle size, numerical simulations were performed for four different particle diameters of 50, 100, 300 and 500 μm. The influence of flow rate on relative erosion was studied by considering three different velocities of 15, 30 and 45 m/s.
To compare the resistance of the plugged tee and elbow in a quantitative manner, the erosion rates in both geometries were normalised by maximum penetration rate in the elbow, which is referred to as relative erosion. The end and the corner regions of the tee are two critical locations at which the maximum penetration rate may occur. Hence, the effects of operating conditions on relative erosion in these critical regions are presented separately. Figure 5 shows the relative erosion at the end of the plugged tee. All numerical simulations shown in this figure were conducted for an internal velocity of 45 m/s. However, the sand particle size and pipe diameter varied within the previously mentioned common operating condition ranges.
Relative Erosion at the End of Plugged Tees
As expected, due to the different behaviour of steel compared to aluminium, different relative erosion was observed at the end region of the plugged tee, which is mainly due to the difference in angle function of these two materials. According to this figure, for a 0.0254 m steel plugged tee and elbow, the relative erosion at the end region is around 0.2, which is lower than that in an aluminium tee. The present numerical results revealed that for fittings with internal diameters of less than 0.2 m, almost all of the particles hit the end region of the tee. However, with further increases in pipe diameter, some of the incoming particles hit the corner of the tee without entering the plugged region. Due to the lower inertial force of small particles, more particles will follow the streamline of the flow field. Hence, more direct impacts are expected at the corner of the plugged tee. In fact, an increase in pipe diameter results in a decrease in the Stokes number of flow, thereby increasing the number of particles following the streamlines of flow. The obtained CFD results for an internal velocity of 45 m/s indicate that large-diameter particles always hit the end region of the tee irrespective of the size of the fitting. However, as we increase the diameter of the pipe, the number of small particles that directly impact the corner, without colliding with the end region, increase. Moreover, as we increase the diameter of the pipe, the velocity of small particles within the plugged region of the tee dramatically decreases, which in turn significantly reduces the penetration rate. According to the present results for small particles, there exists a critical pipe diameter beyond which the relative erosion at the end region of the tee approaches zero.
The predicted critical pipe diameters for sand particles with diameters of 50 and 100 μm are 0.4 and 0.6 m, respectively.
To investigate the effect of velocity on the relative erosion rate between the end region of the tee and elbow, numerical simulations were conducted for the same geometries and particle sizes, but the internal velocity was reduced to 30 m/s. Figure   6 shows the relative erosion rate in plugged tees and elbows at a constant velocity of 30 m/s. The figure shows that the overall trend of relative erosion for large particles is the same as the predicted trend for the higher velocity of 45 m/s. The numerical simulations indicate that a decrease in flow velocity results in an increase in the tendency of small particles to follow the flow streamlines. As a result, the critical pipe diameter beyond which there is no erosion at the end region decreases. Comparison
of Figures 5 and 6 shows this fact with more clarity. From Figure 6 , it can be seen that the critical pipe diameters for sand particles of 50 and 100 µm are 0.2 and 0.4 m, respectively.
The minimum flow velocity considered in this study was 15 m/s. Figure 7 shows the predicted relative erosion at the end region of the tee for this velocity. As expected, with a further decrease in the flow rate, the critical pipe diameter beyond which the relative erosion of small particles approaches zero decreases. However, for large-size particles, the relative erosion at the end region is almost independent of the pipe diameter. By comparing the predicted relative erosion of large particles at different velocities, it can be concluded that the relative erosion at the end region is almost independent of the flow rate.
Comparison of the impact velocities in the elbows and the end region of the plugged tees indicates that the impact velocity of particles at the end region of the tees is always less than that in the elbows. Furthermore, the impact angles of the majority of particles in the elbows are close to the critical angle at which maximum erosion occurs. However, in the plugged tee, the impact angle of the majority of particles in the first impingement with the end region is around 90°. Hence, a lower penetration rate is expected at the end region of plugged tees compared to that in the elbows. In practice, the end region of plugged tees can be made thicker to be even more robust in an erosive environment. Figure 8 illustrates the predicted relative erosion rate at the corner of plugged tees for a constant velocity of 45 m/s. From this figure, it is obvious that as we increase the pipe diameter, the relative erosion at the corner increases. The figure also shows the significant influence of particle size on the relative erosion at the corner. Of note, as we increase the size of the pipe, the erosion rate in the elbow decreases, whereas the penetration rate at the corner of the tee increases. Therefore, the ratio of erosion at the corner of the tee to that in the elbow increases. An analogous behaviour is observed when we decrease the size of the particles. As seen in this figure, the erosion rate at the corner of the plugged tee may become comparable or even higher than that in the elbow for certain conditions, which contradicts the common belief about the advantage of tees over elbows in an erosive environment. Figures 8 and 9, it is concluded that a decrease in the flow rate results in a higher relative erosion at the corner of the tee. Figure 10 shows the predicted relative erosion for the flow velocity of 15 m/s. As can be seen, the trend of the predicted relative erosion for different pipe diameters and sand particle sizes is very similar to the obtained trend for higher velocities, except for very fine particles of 50 μm, for which a further increase in pipe diameter from 0.4 to 0.6 m results in a decrease in relative erosion at the corner. This reduction may be attributed to the fact that with further increases in pipe diameter, the impact angle at the corner of plugged tees significantly decreases. Figure 11 shows the pattern of relative erosion for these two cases as obtained by the CFD model. As depicted, the erosion rate in the corner of the plugged tee may become significantly higher than that in the elbow.
Relative Erosion at the Corner of Plugged Tees
The effect of particle size on erosion patterns is illustrated in Figure 12 . The figures depict the erosion patterns at a constant velocity of 45 m/s and pipe diameter of 0.4 m. As the images show, large particles cause severe wear at the end region of the plugged tee that is significantly less than the penetration rate in the elbow. However, small particles penetrate the corner region of the tee, and the erosion rate is comparable with that in the elbow.
As mentioned above, for a constant pipe diameter and flow rate, small-diameter particles cause more severe erosion at the corner of plugged tees. Sand particle sizes, which typically range from 50-700 microns, depend on the geology of the reservoir.
However, with the use of sand exclusion measures, large particles are usually excluded. In such conditions and for largediameter piping systems, standard elbows are more resistant than plugged tees to erosion.
The viscosity of the carrier fluid may also change the erosion pattern significantly. By increasing the viscosity of the continuous phase, the particle relaxation time decreases, which in turn increases the tendency of particles to follow the flow streamlines and hit the corner of the plugged tee even at comparatively higher velocities, smaller pipe diameters and larger sand particle sizes. As a result, the severity of erosion at the corner of the tee increases. In many applications such as subsea piping systems, the flow field is under conditions of high pressure and high temperature for which the viscosity of the carrier fluid is higher than that in normal conditions (Shames 2003; Bai and Bai 2012) . Therefore, the severity of erosion at the corner of plugged tees may increase further. It is also worth mentioning that due to the high viscosity and density of carrier fluid in liquid/solid flows, most of particles follow the streamlines of flow. As observed in the present study, this phenomenon substantially increases the erosion rate at the corner of plugged tee. Previous studies also show that the erosion ratio between plugged tee and elbow in liquid-solid flow is higher than that in gas-solid flow ( Chen et al. 2006; Azimian and Bart 2014) .
Hence, the results of this study cannot be used for liquid/sand flows.
Numerical results of the turbulent flow-field indicated that the pressure drop in plugged-tee is always higher than that in elbow. Comparative study of the pressure drop for all the conditions considered in this study revealed that the pressure drop in plugged tee is around 3-4 times higher than that in elbow. Although reducing the pressure drop is an important design factor, avoiding structure failure due to the erosion is a primary concern that cannot be ignored. However, for working conditions in which the erosion rate in plugged tee may become comparable or even higher than that in elbow, using elbow is suggested.
Numerical Simulation of Erosion in Subsea Jumpers
To examine the effectiveness of the results of this study in designing complex piping systems, numerical modelling of erosion in two rigid jumpers outfitted with standard elbows and plugged tees was conducted. With the exception of the type of fittings, both jumpers had the same dimensions (internal diameter of 0.4 m). Figure 13 shows the schematic of one of the jumpers. The velocity of flow was 15 m/s, and sand particles 100 microns in size were introduced at the inlet. According to the obtained results shown in Figures 7 and 10 , for a piping system with an internal diameter of 0.4 m and the aforementioned flow condition, the maximum erosion of the plugged tee should be observed at its corner, and the magnitude should be 0.48 of the maximum penetration rate in the elbow. As shown in Figure 14 , numerical modelling of the erosion in jumpers also indicates that the maximum penetration point in a jumper outfitted with plugged tees is located at the corner of the tees.
However, the magnitude of the predicted relative erosion is 0.57, which is slightly higher than the expected value from Figure   10 . The observed discrepancy between these two values might be attributed to the fact that the distances between fittings in these jumpers are comparatively small so that the particles cannot obtain an initial uniform distribution. Although the distribution of particles at the inlet of the jumper is uniform, with the exception of the first fitting, the others are facing a nonuniform distribution of particles at the inlet. As a result, the penetration rate may differ from the ideal condition in which the distribution of particles at the inlet is uniform. These results reveals the necessity of retaining a minimum pipe span between fittings so that the particulate flow can retrieve its initial distribution. Additional studies will be required to determine the minimum allowable distance between fittings in a complex piping system.
CONCLUSION
The objective of the presents study was to examine the accuracy of a common belief in industry that plugged tees are more resistant to erosion than standard elbows in erosive environments. To this end, a comprehensive numerical simulation of erosion was performed for both fittings in varying geometrical conditions ranging from 0.0254-0.6 m diameter carbon steel pipes (AISI 4130) transmitting multiphase gas/sand flows. Furthermore, the effects of internal flow velocity and sand particle size on the relative erosion between plugged tees and elbows were also investigated.
The relative severity of erosion between the plugged tees and elbows was found to be influenced by all three of these parameters. According to the present numerical results, for small-diameter pipes, the plugged tee shows more resistance to erosion. However, as the diameter of the fittings increases, the resulting erosion in the plugged tees become comparable to or even more severe than that in the standard elbows.
Numerical investigation of the effects of particle diameter also showed that as the particle diameter decreases, the relative erosion at the corner of the plugged tees increases. Further, the numerical results regarding the effect of flow velocity indicate that a decrease in flow rate results in an increase in relative erosion at the corner of the plugged tees.
Finally, the numerical model was used to predict the erosion rate in two subsea jumpers outfitted with standard elbows and plugged tees. The obtained results of erosion in the jumper models were found to be in good agreement with the predicted relative erosion demonstrated in this study. Hence, the results of this study may be used as a guideline in selecting an appropriate fitting type for the different working conditions investigated in this study. 
